Signal transducer and activator of transcription-3 (Stat3) is activated by a number of receptor and nonreceptor tyrosine kinases, whereas a constitutively active form of Stat3 alone is sufficient to induce neoplastic transformation. In the present report, we show that Stat3 can also be activated through homophilic interactions by the epithelial (E)-cadherin. Indeed, by plating cells onto surfaces coated with fragments encompassing the two outermost domains of this cadherin, we clearly show that cadherin engagement can activate Stat3, even in the absence of direct cell-to-cell contact. Most importantly, our results also reveal for the first time an unexpected and dramatic surge in total Rac1 and Cdc42 protein levels triggered by cadherin engagement and an increase in Rac1 and Cdc42 activity, which is responsible for the Stat3 stimulation observed. Inhibition of cadherin interactions using a peptide, a soluble cadherin fragment, or genetic ablation induced apoptosis, points to a significant role of this pathway in cell survival signaling, a finding that could also have important therapeutic implications.
Introduction
The signal transducer and activator of transcription-3 (Stat3) is found to be overexpressed in a number of carcinomas and tumor cell lines (reviewed in ref. 1, 2) . The fact that a constitutively active form of Stat3 alone is sufficient to induce transformation points to an etiologic role for Stat3 in neoplasia (3) . Stat3 can be stimulated by cytokines and receptor tyrosine kinases, as well as the nonreceptor tyrosine kinase Src (4). Stat3 is invariably latent in the cytoplasm and, subsequent to binding to an activated receptor through its Src homology 2 (SH2) domain, becomes activated through phosphorylation by the receptor itself or by the associated Janus kinase (JAK) or Src family kinases. Phosphorylation at the critical Tyr705 activates Stat3 by stabilizing the association of two monomers through reciprocal SH2-phosphotyrosine interactions. The Stat3 dimer then migrates to the nucleus where it binds to target sequences, leading to the transcriptional activation of specific genes, such as myc, Bcl-xL, cyclin D, survivin, hepatocyte growth factor (HGF), and others (1) .
In addition to providing structure and integrity to the cell, adhesion molecules can play a key role in the initiation of signaling through multiple intracellular pathways that involve protein phosphorylation. The formation of cell-to-cell adhesion junctions is primarily modulated by the calcium-dependent family of cadherin receptors and leads to a reorganization of the underlying actin cytoskeleton. Classic cadherins contain an extracellular domain organized into five distinct cadherinspecific repeats (EC) that display calcium ion binding, a membrane spanning region, and a highly conserved cytoplasmic domain, which enables association with the cytoskeletal network through catenin interactions. Classic cadherins are found in most tissues and are crucial to developmental processes, the maintenance of tissue integrity, as well as neoplasia (5) .
One of the signaling targets of cadherin engagement is the Rho family of proteins, which consists of a number of small GTPases acting as intracellular molecular switches cycling between the active, GTP-bound state and the inactive, GDPbound form (6) . The Rho proteins, Rac1, Cdc42, and RhoA, are best known as master regulators of the actin cytoskeleton and promote the formation of lamellipodia, filopodia, and stress fibers, respectively. Previous work has indicated that following ligation, the juxtamembrane domain of cadherins interacts with p120 catenin, which can activate Rac1 and Cdc42, possibly by binding to Vav2, an exchange factor for these GTPases, although the precise mechanism is not clearly established (7) .
We and others recently showed a dramatic increase in the activity of Stat3 triggered by cell confluence in a variety of cell lines (8) (9) (10) (11) (12) . Given the generally accepted positive role of Stat3 in proliferation, the Stat3 activity increase observed in postconfluent cells, at a time when cells do not divide, was a surprising observation. In this communication, we definitively show that cadherin engagement alone activates Stat3, even in the absence of direct cell-to-cell contact. This activation occurs through an increase in the activity of Rac1 and Cdc42. Unexpectedly, we also found that cadherin engagement induces a dramatic increase in total Rac1 and Cdc42 protein levels, which points toward a novel mechanism of Rac1 and Cdc42 up-regulation. We show that this event causes a further increase in Rac1, Cdc42, and Stat3 activity and constitutes a potent survival signal.
Results

E-cadherin Engagement Can Activate Stat3
To explore the nature of the molecule(s) that might be involved in the cell density-mediated Stat3 activation, we used the normal mouse breast epithelial line HC11, which expresses high amounts of epithelial (E)-cadherin, an extensively studied, calcium-dependent, cell-to-cell adhesion molecule and member of the classic type I cadherin family (ref. 13 ; Supplementary  Fig. S1A ). HC11 cells were plated in plastic Petri dishes, and when ∼30% to 80% confluent, and over several days thereafter, detergent cell extracts were probed by Western blotting with an antibody specific for the Tyr705 phosphorylated form of Stat3 (Stat3-pTyr705; see Materials and Methods). To reduce the variability that might be caused by nutrient depletion in postconfluent cultures, the medium was changed every 24 hours. As a loading control, the same extracts were probed for the abundant heat shock protein, Hsp90. As shown in Cell density up-regulates Stat3-pTyr705 levels. Lysates from normal mouse breast epithelial HC11 cells grown to inc r e a s i n g d e n s i t i e s w e r e resolved by gel electrophoresis. The blot was cut into strips, which were probed for Stat3-pTyr705, phospho-Erk1/ 2, total Stat3, or Hsp90 as a loading control, as indicated. Numbers under the lanes of the top row refer to Stat3-pTyr705 and total Stat3 band intensities obtained through quantitation by fluorimager analysis and normalized to Hsp90 levels, with the peak value of the control HC11 cells transformed by Src-527F (lane 9) taken as 100% (see Materials and Methods). Numbers at the left refer to molecular weight markers.
activator, Src-527F (Fig. 1B, lane 9) . Examination of the levels of total Stat3 protein revealed a modest increase with cell density (∼2-fold; Fig. 1B) , possibly due to the fact that the Stat3 promoter itself is one of the Stat3 targets (14) , although the differences were not as pronounced as the Stat3-Tyr705 phosphorylation observed (Supplementary Table S1 ). This activation was found to be specific to Stat3 because the levels of extracellular signal regulated kinase (Erk)-1/2, a signal transducer often coordinately activated with Stat3 by a number of growth factors and oncogenes, remained unaffected by cell confluence (Fig. 1B) . In addition, cell density increased Stat3 transcription in HC11 cells (Supplementary Fig. S1D ). The above results, taken together, indicate that cell density causes a specific increase in Stat3-Tyr705 phosphorylation and activity in HC11 cells.
To examine whether E-cadherin engagement is directly required for the cell-to-cell adhesion-mediated Stat3 activation, cadherin adhesive interactions were interrupted through the Reduction of Stat3 pTyr705 phosphorylation. Left, HC11 cells were grown to 1 d post-confluence (lanes 1-4) or 40% confluence (lane 5) and the E/EC12 E-cadherin fragment encompassing the two outermost extracellular domains (lane 2) or the corresponding fragment from the E/W2A mutant (lanes 3 and 4) was added to the medium at concentrations of 40 μmol/L for 48 h, redosing at 24 h. Detergent cell extracts were resolved by gel electrophoresis and probed for Stat3-pTyr705 or Hsp90 as a loading control, as indicated. Lanes 1 and 5, control untreated cells. Right, HC11 cells grown to 1 d post-confluence were treated with increasing concentrations of the SHAVSA peptide (lanes 7-9), the inactive SHGVSA (10 mmol/L; lane 10), or the weakly active SHAVSS (10 mmol/L; lane 12) peptides for 48 h, as indicated, and Stat3-pTyr705 and Hsp90 levels were examined as above. Lanes 6 and 11, control untreated cells grown to 1 d post-confluence. Lane 13, untreated HC11 cells grown to 40% confluence. Numbers under the lanes of the top row refer to Stat3-pTyr705 band intensities obtained through quantitation by fluorimager analysis and normalized to Hsp90 levels, with the peak value of the control untreated cells for each blot (lanes 1, 6, or 11) taken as 100% (see Materials and Methods). B. Reduction of Stat3 transcriptional activity. HC11 cells, transfected with the Stat3-dependent pLucTKS3 and the Stat3-independent pRLSRE reporters, were grown to the indicated densities, and post-confluent cells were treated with the E/EC12 or E/W2A cadherin fragments, the E-cadherin-disrupting SHAVSA, or the control SHGVSA peptides, as indicated. Firefly ( introduction of a recombinant E-cadherin fragment, encompassing the two distal extracellular domains of E-cadherin (E/ EC12), which was previously shown to retain biological activity (15) , into the medium of densely growing HC11 cells. In solution, this fragment is expected to compete with the cadherin molecules interacting from opposite cells and dissociate the junctions. As shown in Fig. 2A , addition of 40 μmol/L of soluble E/EC12 to the growth medium caused an ∼6-fold decrease in Stat3-pTyr705 levels (lane 2 versus lane 1), whereas the E/ W2A mutant fragment, which is largely defective in cadherin engagement (15) , had a weaker effect (<2-fold; lanes 3 and 4), strongly suggesting that cadherin engagement is required for the Stat3-pTyr705 increase. To further substantiate this conclusion, we used the peptide Ac-S-HAV-SA-NH2 (SHAVSA), which has been shown to inhibit E-cadherin homophilic interactions in epithelial cells (16) . As shown in Fig. 2A (lanes 6-9) , addition of this peptide to the growth medium resulted in a substantial decrease in Stat3-Tyr705 phosphorylation (up to 20-fold; lane 9 versus lane 6). In contrast, the peptide Ac-S-HAV-SS-NH2 (SHAVSS), previously shown to be less effective at inhibiting cadherin engagement, had a less pronounced effect (lane 12), whereas the control, inactive peptide Ac-S-HGV-SA-NH2 (SHGVSA) had no detectable effect (lane 10). On the other hand, addition of the SHAVSA peptide even at 10 mmol/L to HC11 cells expressing the constitutively active form of Stat3, Stat3C (17) , was unable to substantially reduce Stat3-pTyr705 levels (Fig. 2C) . The reduction in Stat3-Tyr705 phosphorylation following treatment with the SHAVSA peptide or soluble E/EC12 fragment was accompanied by a specific decrease in Stat3 transcriptional activity as well (Fig. 2B) . Similar results were obtained with the Madin-Darby canine kidney (MDCK) epithelial cell line (not shown). These data further reinforce the conclusion that E-cadherin engagement is required for the cell-to-cell adhesion-mediated Stat3-Tyr705 phosphorylation in both mammalian species.
To examine the generality of the E-cadherin requirement for the density-mediated Stat3 activation, we used an E-cadherindefective mouse embryonic stem (ES) cell line (null) and the parental ES line (Ecad +/+ ) as a control (18) . As expected, density caused a 10-fold increase in Stat3-pTyr705 phosphorylation in the wild-type (Ecad +/+ ) cells, which peaked at 2 to 3 days after confluence (Fig. 3A, top, lane 1 versus lane 6) . In stark contrast, however, Stat3-pTyr705 levels were ∼6-fold lower in null cells, at all densities examined ( Fig. 3B versus A, top). The low background Stat3-pTyr705 levels present in null cells (Fig. 3B ) could conceivably be due to the leukemia inhibitory factor, a known Stat3 activator, present in the growth medium of ES cells ( Supplementary Fig. S2 ). However, the possibility of other cadherins or alternative pathways of Stat3 activation being present cannot be excluded. In any event, the dramatic Stat3-pTyr705 increase with cell confluence (Fig. 3A , lane 1 versus lane 6), and its decrease with cadherin ablation ( Fig. 3B versus A; Supplementary Fig. S3A ), indicates that the E-cadherin-induced Stat3 phosphorylation is much stronger than the activation due to leukemia inhibitory factor. The decrease in Stat3-705 phosphorylation in null cells was accompanied by a similar decrease in Stat3 DNA binding and transcriptional activity ( Supplementary Fig. S3C and D) . The above data, taken together, indicate that E-cadherin ablation in ES cells can have a striking and specific effect on the density-induced increase in Stat3-Tyr705 phosphorylation and activity, and further suggest that E-cadherin is required for this activation.
The HC11 line was originally derived from normal mouse breast epithelium (19, 20) . Therefore, to assess the relevance of the cadherin-Stat3 interactions observed at high cell densities to the in vivo microenvironment, the expression patterns of E-cadherin and Stat3-pTyr705 were examined in normal mouse breast tissues by immunohistochemical staining. As shown in Fig. 4A , there is intense E-cadherin staining at the plasma membrane, whereas Stat3-pTyr705 staining is concentrated mostly in the nuclei of luminal breast epithelial cells. In contrast, there is little expression of either protein in the surrounding adipose tissue. These findings show the presence of constitutively activated Stat3 in the corresponding normal breast tissue where E-cadherin is engaged, thus revealing a distinct correlation with the state of these same molecular markers observed in HC11 cells growing at high, but not low, densities in culture. This conclusion was reinforced by examination of Stat3-pTyr705 levels in cultured primary mouse breast epithelial cells, which display similar levels of Stat3-pTyr705 as confluent HC11 cells (Fig. 4B ).
E-cadherin Engagement Is Sufficient to Activate Stat3
The above results show that E-cadherin is required for the cell-to-cell adhesion-mediated Stat3 activation in normal cells. The question still remaining is whether Stat3 activation is a direct consequence of E-cadherin engagement or whether E-cadherin interactions are simply required to bring cell surfaces into proximity to initiate signals that are not direct effects of cadherin ligation. To definitively show whether the Stat3 activation observed at high cell densities is a direct effect of cadherin engagement per se, the E/EC12 fragment was used to functionalize Petri dishes by covalent immobilization FIGURE 4. Expression of Stat3-pTyr705 and E-cadherin in normal mouse breast ductal epithelium. A. Serial tissue sections from a formalin-fixed, paraffin-embedded mouse mammary (#4) fat-pad from a nulliparous 8-wk-old mouse were subjected to immunohistochemical staining for Stat3-pTyr705 (top) or E-cadherin (bottom), as described in Materials and Methods. Representative images taken with a 40× or 100× objective. Bar, 100 μm. B. Lysates from primary mouse breast epithelial cells (lane 3) and normal mouse breast epithelial HC11 cells grown to 40% (lane 1) or 100% (lane 2) confluence were resolved by gel electrophoresis. The blot was cut into strips, which were probed for Stat3-pTyr705, E-cadherin, or Hsp90 as a loading control, as indicated. Numbers at the left refer to molecular weight markers. ) were grown on 3-cm plastic dishes coated with increasing amounts of E/EC12, from 0.5 to 1,000 μg/mL. After 48 h, extracts were probed for Stat3-pTyr705 or total Stat3, as indicated. As a further control (lanes 1 and 2), BALB/c 3T3 cells, which are devoid of E-cadherin ( Supplementary Fig. S1A ), were grown on the same surfaces. Lanes 13 and 14, surfaces were coated with the largely inactive, mutant fragment of E-cadherin, E/W2A. Bar graph: The average relative Stat3-pTyr705 levels across three independent experiments were quantitated by fluorimager analysis and graphed as a function of the loading control, Hsp90 (□), or as a function of total Stat3 ( (Fig. 5A ). This fragment has been shown to retain biological activity when immobilized on surfaces and is recognized specifically by E-cadherin-expressing cells (15) .
Plastic Petri dishes were functionalized with increasing amounts of purified E/EC12 or E/W2A fragments, and HC11 cells were plated on these surfaces (see Materials and Methods). No change in the morphology of HC11 cells on growth on these fragments was noted (Fig. 5A ). Detergent cell extracts were prepared 48 hours later, when cells were 40% confluent, and probed for Stat3-pTyr705 as above. As shown in Fig. 5B , there was a dramatic and graded increase in Stat3-pTyr705 levels, in proportion to the amounts of E/EC12 used to decorate these surfaces (lanes 4-12 and 16). As expected, coating with the E/W2A fragment had only a small effect (∼4×; Fig. 5B , bar graph), consistent with its impaired ability to engage wild-type E-cadherin (15) . The increase in Stat3-pTyr705 was most pronounced when cells were grown for more than 20 hours on E/EC12-coated dishes ( Supplementary Fig. S4A ) and the confluence at harvest time was 40% or less ( Supplementary Fig. S4B ). The increase in Stat3-pTyr705 levels was specific to Stat3 because no differences were noted in the levels of activated Erk1/2 in the same cell extracts (Fig. 5B) . Similar results were obtained with MDCK cells (not shown). At the same time, BALB/c 3T3 cells, which are naturally devoid of E-cadherin ( Supplementary Fig. S1A ), showed no increase in Stat3-pTyr705 on growth on surfaces coated with the E/EC12 fragment ( Fig. 5B, lanes 1 and 2) . The above findings show a dramatic increase in Stat3-pTyr705 on direct E-cadherin engagement in mouse epithelial cells, which is specific to Stat3 and proportional to the density of E/EC12 present on the culture surface, indicating that E-cadherin engagement alone is sufficient to activate Stat3 in the absence of direct cell-to-cell contact.
Cell-to-Cell Adhesion Increases Protein Levels and Activity of Rac1 and Cdc42
Results from a number of laboratories have indicated that E-cadherin-mediated cell-to-cell contacts can activate the Rac1 and Cdc42 Rho-family GTPases (21) (22) (23) . Therefore, to assess the potential role of Rac1 in the cadherin-dependent Stat3 activation, we investigated whether Rac1 activity does, in fact, increase with cell density; cells were plated in Petri dishes and when ∼30% confluent, and over several days thereafter, Rac1 activity was determined by measuring the binding between Rac1-GTP and its effector, p21-activated kinase, in cell extracts using pull-down assays (see Materials and Methods). As shown in Fig. 6A (left), there was a gradual increase in Rac1 activity with density in HC11 cells, which plateaued at FIGURE 6. Cell density increases the activity as well as total protein levels of Rac1 and Cdc42. A. Rac1-GTP, Cdc42-GTP, as well as total Rac1 and Cdc42 protein levels are dramatically increased by cell density. HC11 cells were grown to increasing densities, up to 11 d post-confluence, and total protein was extracted. Rac1/Cdc42 activation assays were done using beads coated with glutathione S-transferase fused to the binding domain of p21-activated kinase in pull-down assays (see Materials and Methods). Detergent lysates were resolved by gel electrophoresis and blots were cut into strips, which were probed for Stat3-pTyr705, active Rac1-GTP, and total Rac1 (left) or active Cdc42-GTP and total Cdc42 (right), or Hsp90 as a loading control, as indicated.
B. Rac1 and Cdc42 mRNA levels are not affected by density. Total mRNA from HC11 cells grown to different densities was subjected to RT-PCR analysis, with the 18S RNA as a control (see Materials and Methods). Bottom, quantitative RT-PCR was done as described in Materials and Methods. The relative expression of each sample was determined using 18S RNA expression levels as an internal control.
∼80% to 100% confluence, that is, ∼24 hours before the increase in Stat3-pTyr705. Cdc42 activity displayed a similar increase with cell confluence (Fig. 6A , right) in a manner parallel to Rac1. The above results show that cell density causes an increase in Rac1-GTP and Cdc42-GTP (∼6-fold), which is detectable before the increase in Stat3 activity.
It was previously shown that epithelial cell scattering brought about by hepatocyte growth factor can induce the proteasome-mediated degradation of Rac1, pointing toward a new mechanism of Rac1 regulation involving protein stability (24) . Therefore, to explore the potential effect of cell density on the levels of total Rac1 protein, detergent extracts from cells grown to different degrees of confluence were probed for Rac1. As shown in Fig. 6A (left) , there was an ∼50-fold increase in total Rac1 protein levels with cell density. The increase in total Rac1 protein was abrupt, in contrast to the gradual increase in Rac1 activity, and could explain the further increase in active Rac1-GTP at higher densities. Total Cdc42 levels mirrored Rac1 and increased at approximately the same time (Fig. 6A, right) . On the other hand, Rac1 and Cdc42 mRNA levels did not change significantly with cell density, as shown by quantitative reverse transcription-PCR (RT-PCR; Fig. 6B ), pointing to FIGURE 7. Cadherin engagement increases Rac1 protein levels and activity in the absence of direct cell-to-cell contact. A. Cadherin engagement is sufficient to increase Rac1 activity and protein levels. Lanes 1 to 4, HC11 cells were grown in plastic Petri dishes coated with 1 mg/mL of the E/EC12 (lane 3) or the largely inactive E/W2A (lane 2) fragment. After 48 h, detergent cell extracts were resolved by gel electrophoresis and blots were cut into strips, which were probed for Stat3-pTyr705, total Rac1, or Hsp90 as a loading control, as indicated. Lanes 5 to 6, cadherin engagement increases Rac1 activity. Sparsely growing HC11 cells were plated on uncoated Petri dishes (lane 5) or Petri dishes coated with 1 mg/mL of the E/EC12 fragment (lane 6) and Rac1 activity was determined (see Materials and Methods). Numbers under the lanes refer to Stat3-pTyr705, Rac1-GTP, and total Rac1 band intensities obtained through quantitation by fluorimager analysis and normalized to Hsp90 levels, with the peak value of the control untreated cells taken as 100%. B. Inhibition of E-cadherin engagement prevents Stat3 phosphorylation and the increase in Rac1 activity and protein levels. Lanes 1 to 5, HC11 cells were grown to 1 d post-confluence (lanes 1-4) or 40% confluence (lane 5) and treated with 40 μmol/L soluble E/EC12 fragment (lane 2) or the E/W2A mutant (lanes 3 and 4). Lanes 6 to 13, HC11 cells were grown to 1 d post-confluence (lane 6 or lane 11, untreated) or 40% confluence (lane 13, untreated) and subjected to increasing concentrations of the SHAVSA peptide (lanes 7-9), the inactive SHGVSA (lane 10), or the weakly active SHAVSS (lane 12). Rac1 levels were determined in the same extracts and the same blot as in Fig. 2A . Lanes 14 to 17, inhibition of cadherin engagement reduces Rac1 activity. HC11 cells were grown to 1 d post-confluence and treated with the indicated amounts of peptide for 48 h, and Rac1 activity was determined (see Materials and Methods). a post-mRNA mechanism. The above results indicate that, in addition to Rac1 and Cdc42 activity, cell-to-cell adhesion also causes a dramatic increase in total Rac1 and Cdc42 protein levels.
To better control the degree of cell-to-cell contact irrespective of differences in cell growth patterns, we repeated the experiment by plating different numbers of HC11 cells (ranging from 0.05 × 10 6 to 3 × 10 6 per 3-cm Petri dish) so that they would reach the same densities as above within 24 hours. At that time, cells were lysed and Rac1, Cdc42, and Stat3 phosphorylation levels analyzed as above. In all cases, very similar results were obtained, indicating that it is the extent of cellto-cell contact, regardless of time in culture beyond 24 hours, which is responsible for the increase in Rac1 or Cdc42 protein levels and Stat3-pTyr705 ( Supplementary Fig. S6 ).
To examine whether E-cadherin engagement alone is able to increase Rac1 protein levels in the absence of cell-to-cell contact, HC11 cells were plated in E/EC12-coated dishes, as in Fig. 5A , and Rac1 levels were examined. As shown in Fig. 7A , plating HC11 cells on E/EC12-coated surfaces (lanes 1-4), besides leading to an increase in Stat3-pTyr705 (top), caused an ∼50-fold increase in Rac1 protein levels (lane 1 versus lane 3) and activity (lanes 5 and 6), whereas the mutant E/W2A fragment had a less pronounced effect (lane 2). To further examine whether cadherin engagement is required for the increase in Rac1 protein levels, E-cadherin interactions were disrupted through the introduction of the E/EC12 fragment into the medium, as in Fig. 2A . As shown in Fig. 7B , besides a reduction in Stat3-pTyr705, addition of 40 μmol/L soluble E/EC12 fragment to the medium of densely growing HC11 cells caused an ∼6-fold decrease in Rac1 levels (lane 2), whereas the mutant E/W2A had a weaker effect (∼3-fold; lanes 3 and 4). Inhibition of cadherin engagement with the SHAVSA peptide had a similar effect on Rac1 activity (Fig. 7B , lanes 14-17) as well as total Rac1 and Stat3-pTyr705 levels (Fig. 7B,  lanes 6-9) . These results, taken together, further show that E-cadherin engagement is required for the cell-to-cell adhesion-mediated increase in total Rac1 protein levels and activity in HC11 cells.
Rac1 and Cdc42 Are Required for the Cell-to-Cell Adhesion-Mediated Stat3 Activation
To examine whether the increase in cellular Rac1 and Cdc42 we observe in confluent cultures is actually required for the Stat3 increase, their activity was blocked in HC11 cells using the potent inhibitor of the Rho-family GTPases, toxin B of Clostridium difficile (25) . As shown in Fig. 8A , besides a reduction in Rac1 and Cdc42 activity (right), toxin B treatment caused a dramatic reduction in Stat3-pTyr705 levels at all densities (∼5-fold; left). Similar results were obtained with mouse 10T1/2 fibroblasts (not shown), indicating that these GTPases may be required for the density-induced Stat3 stimulation in both cell types.
To further examine the relative contribution of each Rhofamily GTPase individually, we assessed the ability of their dominant-negative mutants (Rac1 N17 and Cdc42 N17 , respectively), or Rac1-and Cdc42-specific shRNAs, to restrain the density-mediated increase in Stat3-pTyr705 levels. These constructs were expressed in HC11 cells and Stat3-pTyr705 was examined at different cell densities as above. As shown in Fig. 8B and C (and Supplementary Fig. S8 and Supplementary Table S1A and B), there was a significant reduction in Stat3-pTyr705 levels (∼2-fold) on expression of Rac1 N17 or shRac1 and Cdc42
N17 or shCdc42 at all densities examined. The residual Stat3-pTyr705 following Rac1 down-regulation [ Fig. 8B (lanes 5-8) and C (lanes 7-12)] could be due to Stat3 phosphorylation mediated by Cdc42, and vice versa, following Cdc42 down-regulation. Rac1 down-regulation with Rac1 N17 or shRNA caused a similar decrease in Stat3 transcriptional activity ( Fig. 8B and C) . Conversely, to ensure that Rac1 activation is not caused by Stat3, Stat3 activity was reduced by (a) expressing a Stat3-specific shRNA with a retroviral vector using a scrambled sequence as a control (see Materials and Methods), or (b) treating the cells with the compound S3I-201 (26), shown to inhibit Stat3 by binding to its SH2 domain (see Materials and Methods). No significant change in Rac1 levels or activity was noted under either condition ( Fig. 9B ; Table 1 ). The above data, taken together, indicate that the Rac1 and Cdc42 Rho-family GTPases are essential components of the pathway whereby cadherin engagement triggers the Stat3 phosphorylation and activity increase observed at post-confluence.
JAKs Are Required for the Cell-to-Cell AdhesionMediated Stat3 Activation
Previous results indicated that cell density induces an increase in Jak1 kinase activity (8) . To further investigate the role of Jak1 in the E-cadherin-mediated Stat3 activation, we first examined whether Jak1 is activated by cadherin engagement by examining Jak1 phosphorylation at Tyr1022/1023, shown 
Rac1
N17 mutant prevents the density-mediated Stat3-Tyr705 phosphorylation and transcriptional activity. Left, increasing numbers of HC11 cells as indicated, before (lanes 1-4) or after (lanes 5-8) transfection with the dominant-negative mutant Rac1 N17 , were plated in 3-cm dishes. Detergent cell extracts were resolved by gel electrophoresis and blots were probed for Stat3-pTyr705, active Rac1-GTP, total Rac1, the myc tag, or Hsp90, as above, as indicated. Right, increasing numbers of HC11 cells as indicated, before or after transfection with Rac1 N17 and the Stat3-dependent pLucTKS3 and the Stat3-independent pRLSRE reporters, were lysed and firefly ( ▪ ) or Renilla (□) luciferase activities determined (8) . Values shown represent luciferase units expressed as a percentage of the highest value obtained. Columns, mean of at least three experiments, each done in triplicate; bars, SE. C. Rac1 down-regulation through expression of a shRNA prevents the density-mediated Stat3-Tyr705 phosphorylation and transcriptional activity. Top, HC11 cells, before (lanes 1-6) or after (lanes 7-12) stable expression of a Rac1-shRNA, were grown to different densities, and lysates were probed, as above, for Stat3-pTyr705, active Rac1-GTP (right), total Rac1, or Hsp90, as indicated. Bottom, HC11 cells, before or after expression of a Rac1-shRNA as indicated, were transfected with the Stat3-dependent pLucTKS3 and the Stat3-independent pRLSRE reporters, grown to different densities, then lysed, and firefly ( to be important in the regulation of Jak1 activity (27, 28) . Cells were grown in plastic Petri dishes coated with the E/EC12 fragment, and Jak1 phosphorylation at 1022/1023 was measured by blotting with a phospho-specific antibody (see Materials and Methods). As shown in Fig. 9A (lanes 8 and 9) , there was a 5-fold increase in Jak1 1022/1023 phosphorylation on growth on E/EC12-coated surfaces, which paralleled the phosphorylation of Stat3 (lanes 1 and 2) . To examine whether Jak1 is actually required for Stat3 phosphorylation, HC11 cells were plated on the E/EC12 fragment and treated with the pan-JAK inhibitor, JAK inhibitor 1. The results showed a reduction in Stat3-pTyr705 levels that was proportional to the concentration of the inhibitor added (Fig. 9A, lanes 3-7) . Similar results were obtained with the AG490 JAK inhibitor (ref. 29 ; not shown). These data suggest that the JAK kinases may be involved in the E-cadherin-mediated increase in Stat3-pTyr705 levels.
We next examined the effect of down-regulation of the Rho GTPases on Jak1 1022/1023 phosphorylation (Fig. 8A) . HC11 cells were treated with toxin B as in Fig. 8A (left) , and Jak1 pTyr1022/1023 phosphorylation was measured as above. As shown in Fig. 9A (right, lane 2) , toxin B treatment caused a 5-fold reduction in Jak1 phosphorylation. To further show the effect of Rac1 on Jak phosphorylation, we examined Jak1 pTyr1022/1023 levels in HC11 cells expressing the Rac1 shRNA. As shown in Fig. 9A (right, lane 4) , Rac1 knockdown reduced Jak1 1022/1023 phosphorylation by ∼2-fold. Jak1 in vitro kinase assays gave similar results (8) . These findings, taken together, indicate that Rac1 activity is required for the activation of Jak1 observed at high densities.
Cell-to-Cell Adhesion Triggers Cytokine Gene Expression
As shown in Fig. 6 , the increase in Stat3-Tyr705 phosphorylation occurs ∼24 hours after the surge in Rac1 levels, which points to the possibility of an indirect mechanism. To explore the likelihood that the Stat3 activation may be mediated by secreted factors, medium conditioned by HC11 cells grown to high densities was added to sparsely growing HC11 cells for 15 minutes and Stat3-pTyr705 was examined. The results revealed an ∼20-fold increase in Stat3-pTyr705, indicating the presence of autocrine factors that are able to activate Stat3 (Fig. 10A, lane 2 versus lane 1) . To explore the nature of the 4-7) or not (lanes 1-3) for 48 h, at which time point, cell lysates were probed, as above, for Stat3-pTyr705, Rac1, or Hsp90. Lanes 8-11, lysates were immunoprecipitated against total Jak1 and blotted against p-Jak1022/1023, total Jak1, or Hsp90 as a loading control, as indicated. Right, HC11 cells were grown to 1 d post-confluence and treated with 50 pg/mL toxin B for 5 h (lane 2) or the DMSO carrier alone (lane 1; see Materials and Methods). HC11 (lane 3) and shRac1 (lane 4) cells were grown to 1 d post-confluence. Lysates were immunoprecipitated against total Jak1 and blotted against p-Jak1022/ 1023, total Jak1, or Hsp90 as a loading control, as indicated. B. Stat3 inhibition does not affect Rac1 protein levels. HC11 cells were grown to different densities as indicated and treated with 100 μmol/L of S3I-201, a Stat3 inhibitor (lanes 2, 4, 6, and 8), or the DMSO carrier alone (lanes 1, 3, 5, and 7) for 24 h, at which time point, cell lysates were resolved by gel electrophoresis and blots cut into strips, which were probed for Stat3-pTyr705, Rac1, or Hsp90.
cytokines that may be expressed, we conducted a quantitative RT-PCR array for 86 cytokines and compared sparsely growing cells to cells grown as dense cultures (see Materials and Methods). The results revealed an increase in mRNA levels of a number of cytokines, including the interleukin (IL)-6 family, known to act through the common gp130 subunit, shared by a number of Stat3 activating cytokines such as IL-6, leukemia inhibitory factor, Ct1, and IL-27 (76-fold increase for IL-6 mRNA in dense cultures; see Supplementary Table S2 ; ref. 30) . To examine whether these cytokines are required for the Stat3 activation observed in confluent cultures, gp130 levels were reduced through expression of shRNA (see Materials and Methods). As shown in Fig. 10B , a 70% gp130 knockdown reduced Stat3-pTyr705 levels by ∼60%, indicating that gp130 activation is at least partly responsible for the Stat3-pTyr705 increase.
Results from a number of laboratories indicated that, besides Stat3, IL-6 stimulation results in activation of Erk1/2 (31). However, as shown in Fig. 1B , cadherin engagement does not activate Erk. To solve this apparent paradox, we examined the ability of IL-6, or conditioned medium, to activate Erk in confluent cultures. HC11 cells were grown to 60% or 100% confluence and then serum starved; after IL-6 stimulation, cell extracts were probed for Erk or Stat3-pTyr705. As shown in Fig. 10C , at a confluence of 60%, IL-6 addition caused an increase (∼10-fold) in both Erk and Stat3, in agreement with previous results (31) . As expected, cell density per se caused an increase in Stat3-pTyr705 levels (Fig. 10C, lane 1 versus lane 3) and IL-6 caused a further activation (∼30%, lane 4). However, IL-6 did not bring about an increase in Erk levels in densely growing cultures (Fig. 10C,  middle, lane 4 versus lane 3) . The above findings indicate that IL-6 is not able to activate Erk in cells grown to high densities, thus revealing a profound effect of confluence on the response of HC11 cells to IL-6 addition.
Inhibition of E-cadherin Engagement at Confluence Promotes Apoptosis
Previous results have shown that Stat3 signaling contributes to the induction of antiapoptotic genes such as bcl-xL and mcl-1 (32, 33) while it down-regulates the p53 promoter (34), thus protecting tumor cells from apoptosis. The importance of Stat3 in survival of confluent HC11 cells was examined by reducing Stat3 activity by shRNA expression or treatment with S3I-201 as above. As a control, the constitutively active mutant Stat3C was expressed with a retroviral vector in HC11 cells before treatment (17) . As shown in Table 1 , Stat3 down-regulation in confluent HC11 epithelial cells using either approach induced apoptosis, in agreement with previous data from mouse NIH3T3 or 10T1/2 fibroblasts (8, 35) , indicating that the increased Stat3 activity may reflect a survival mechanism that is engaged as cells reach confluence. Similar results were obtained with the ES Ecad +/+ cells, as well as following reduction of Stat3 levels through Rac1 (Fig. 8), Cdc42 (Supplementary Fig. S8 ), or gp130 (Fig. 10B) down-regulation (not shown) . At the same time, Stat3C expression rescued HC11 cells from apoptosis induced by Stat3 inhibition, thus reinforcing this conclusion (Table 1) .
To evaluate the functional consequences of the cadherinmediated Stat3 activation, we examined the effect of cadherin ablation in ES cells. Ecad +/+ and null cells were plated in plastic Petri dishes, and apoptosis was examined by terminal deoxyribonucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) and poly(ADP-ribose) polymerase (PARP) cleavage experiments, as well as by fluorescence-activated cell sorting (FACS) analysis, at different densities. As shown in Fig. 11 , the E-cadherin null cells succumbed to apoptosis (∼70%) when confluent [A(f), B (bottom), and D (lanes 4-6)], whereas no significant apoptotic death was noted with the Ecad +/+ cells [A(b), B (top), and D (lanes 1-3) ]. This observation is in agreement with previous data pointing to a positive role for E-cadherin engagement in cell survival signaling (36) . To further reinforce this conclusion, we examined the consequences of inhibition of cadherin engagement in HC11 cells using the cadherin-antagonistic SHAVSA or the inactive SHGVSA peptides. Following treatment for 48 hours, confluent cells were fixed and apoptotic death was assessed. As shown in Fig. 11C(b) and Supplementary  Table S3 , concomitant with a Stat3 activity reduction, addition of the cadherin-antagonizing peptide induced apoptosis (∼65%), 
Discussion
Cellular interactions with neighboring cells profoundly influence a variety of signaling events, including those involved in mitogenesis, survival, and differentiation. Unlike cells cultured in two dimensions, cells in a tumor have extensive opportunities for adhesion to their neighbors in a three-dimensional structure. For this reason, in the study of these cellular processes, it is important to take into account the effect of surrounding cells. In the present communication, we show that homophilic interactions by E-cadherin can dramatically activate Stat3. Furthermore, Stat3 activation is preceded by a striking increase in the total levels of Rac1 and Cdc42 Rho-family GTPases, as well as their activity, and is followed by potent survival signaling. Our finding that down-regulation of Rac1 and Cdc42 through expression of dominant-negative mutants, shRNA, or pharmacologic inhibitors causes a dramatic reduction in Stat3-pTyr705 levels shows that their activation is part of the pathway(s) whereby E-cadherin engagement leads to Stat3 activation and survival.
These findings raise important questions: (a) How does Ecadherin engagement and Rac1/Cdc42 activate Stat3? (b) What is the functional significance of the cadherin-mediated Stat3 activation? These are crucial questions in the context of understanding the molecular mechanisms involving cadherin-mediated adhesion in cellular survival.
Cadherin Engagement Increases Rac1 and Cdc42 Total Protein Levels and Activity
Earlier reports indicated that cell-to-cell adhesion results in the rapid activation of the Rac1 (22, 23) and Cdc42 (37) Rhofamily GTPases (38) . Our findings, revealing an increase in Rac1 and Cdc42 activity as cells approach confluence, are in agreement with the above data. Still, the activity of these enzymes at confluences >100%, when the opportunity for cellto-cell adhesion is maximized, is unknown. Our results reveal a continuing increase in Rac1-GTP and Cdc42-GTP at higher densities. Unexpectedly, we also found that in addition to 1-8) or after (lanes 9-16) expression of shRNA for gp130 were grown to different densities, and lysates probed for Stat3-pTyr705, gp130 (right), Rac1, or Hsp90 as indicated. Numbers under the lanes refer to Stat3-pTyr705 or gp130 band intensities obtained through quantitation by fluorimager analysis and normalized to Hsp90 levels, with the highest value taken as 100%. C. IL-6 activates Stat3, but not Erk, at high densities. IL-6 was added at 10 ng/mL for 15 min to HC11 cells grown to 60% (lane 2) or 100% (lane 4) confluence and cell extracts were probed for Stat3-pTyr705, p-Erk1/2, or Hsp90 as indicated. Numbers under the lanes refer to Stat3-pTyr705 or p-Erk1/2 band intensities obtained through quantitation by fluorimager analysis and normalized to Hsp90, with the highest value taken as 100%.
this cadherin-induced activation of Rac1, there is a dramatic increase in total Rac1 protein levels with confluence, leading to a further increase in activity. This could be due, at least in part, to inhibition of proteasome-mediated degradation of Rac1 following cadherin engagement (24) . A similar mechanism could hold true for Cdc42, which mirrored Rac1 activity and protein levels at all densities examined. Moreover, the absence of a significant increase in Rac1 or Cdc42 mRNA levels with cell density further points to a post-mRNA mechanism.
In transmitting a proliferative signal, cadherins can act directly as receptors propagating an intracellular signal or they may function primarily to bring cells into contact with each other to signal via other juxtacrine receptors. Plating epithelial cells on surfaces coated with the E/EC12 fragment showed that cadherin engagement alone is sufficient to increase Rac1 and Cdc42 activity and protein levels, pointing to a direct mechanism in both the HC11 and MDCK cell systems. The above findings add to the growing body of evidence indicating that cadherins can provide direct, functionally relevant signaling beyond their structural role.
Rac1 and Cdc42 Transduce the Cadherin Signal to Stat3
Data from a number of laboratories have shown a functional link between the Stat3 and Rho-family pathways (39-41). Our results showing that both pharmacologic and genetic Rac1/Cdc42 inhibitors blocked the E-cadherin-mediated Stat3 activation clearly show that Rac1/Cdc42 are the mediators of the cadherin signal to Stat3. Given the complexity of the immediate effector networks controlled by cadherins (7), it is likely that these Rho GTPases may engage multiple effectors, which could indirectly lead to Stat3 activation. Our findings further indicate that both Tyr705 and Ser727 are phosphorylated and JAKs are required for Stat3 activation following cadherin engagement ( Figs. 8 and 9 ; ref. 8), expanding on the above studies.
Extensive previous studies using both genetic ablation and pharmacologic inhibition approaches indicated that the cell confluence-mediated Stat3 activation is resistant to inhibition of the Src, Fyn, Yes, epidermal growth factor receptor, insulin-like growth factor-I receptor, and Fer kinases individually (8) . Our present data show that cell density causes the expression of a number of cytokines, most importantly the IL-6 family. Whether Rac1/Cdc42 activation is, in fact, responsible for the increase in mRNAs for IL-6 family cytokines is currently under investigation. Although it is certainly possible that other receptors may also be involved, the fact that down-regulation of the common subunit, gp130, reduced Stat3 activity indicates that this family is, at least in part, responsible for the Stat3 activity increase observed at high cell densities. It is especially noteworthy that IL-6 cannot activate Erk in densely growing cultures, which explains the observation that cadherin engagement activates Stat3 exclusively while Erk remains unaffected in our system. The reasons for the inability of IL-6 to activate Erk in confluent cultures is presently under investigation. In any event, these results further reveal that, despite the fact that these two pathways are often both activated by growth factors or oncogenes, they are not coordinately regulated by cadherin engagement.
Cadherin-Mediated Stat3 Activation Leads to Survival Signaling
The role of E-cadherin in cell proliferation and survival is complex. It is thought to be a tumor suppressor molecule largely because it is frequently down-regulated in carcinomas (42) , whereas in cultured human colon carcinoma and mammary carcinoma cell lines, E-cadherin plays a negative role in cell proliferation (43) . However, there is also evidence that E-cadherin is associated with increased cell proliferation. Ovarian cancers up-regulate E-cadherin, the suppression of which inhibits their proliferation (44, 45) . More recently, E-cadherin engagement in cultured normal rat kidney or mammary epithelial cells was shown to stimulate cell proliferation (36) . The results presented here indicate that in our cellular systems, E-cadherin engagement promotes cell survival. Indeed, we observed a dramatic induction of apoptosis in ES cells lacking E-cadherin when grown to high densities or in epithelial cells such as HC11 or MDCK following inhibition of cadherin engagement. Our findings further show that this cell survival signal may be mediated by an increase in Rac1 and Cdc42 activity, leading to Stat3 stimulation. Such a schema could offer an explanation for our previous findings showing that Stat3 inhibition under conditions of extensive cell-to-cell adhesion can induce apoptosis, even in normal cells (35) . Apoptosis could be mediated by p53 down-regulation through direct binding of Stat3 to the p53 promoter (34) . The above findings illustrate the fact that E-cadherin function is modulated by the cellular context.
The relevance of cell interactions observed in densely growing cultured epithelial cells to that of normal breast is clearly shown by our findings. We observed high levels of Stat3 activity in the luminal epithelial cells of normal mouse breast duct lobule, where E-cadherin is engaged, thus revealing a distinct association of the signaling of these molecular markers with that of HC11 cells growing at high, but not low, densities. Furthermore, the relevance of cell interactions observed in densely growing cultured cells to human cancer is emphasized by recent findings showing a close correspondence of genes expressed specifically in LNCaP cells cultured to high densities, with genes associated with prostate cancer in vivo (46) . The fact that these genes were different from genes identified in LNCaP cells grown under log-phase conditions further underscores the importance of the examination of signaling pathways in densely growing cells. The dramatic activation of Stat3 by cell density may also explain previous discrepancies about activation of Stat3 by the Rho GTPases in cultured cells (39) (40) (41) . In any event, disruption of cadherin engagement inhibits Stat3 activity and induces apoptosis, which may indicate that the role of Stat3 in densely growing cells may be to counteract apoptotic death. Cadherins can perform this function by activating two distinct Rho-family GTPases in an apparently redundant fashion in at least two mammalian species, a finding which could have important therapeutic implications.
Materials and Methods
Cell Lines and Culture Techniques
The normal mouse mammary epithelial line HC11 is a prolactin-responsive cell clone originally isolated from the COM-MA-1D mouse mammary epithelial cell line derived from a female BALB/c mouse in mid-gestation (47) . HC11 cells transformed by an activated Y527F-Src have been described previously (48) . ES cell cultures were grown as before (18) . Cell confluence was estimated visually and quantitated by imaging analysis of live cells under phase contrast using a Leitz Diaplan microscope and the MCID-elite software (Imaging Research). For the isolation of mouse breast epithelial cells, mammary glands at days 12 to 14 of pregnancy were aseptically removed and transferred to a culture dish. The digestion of tissue and epithelial cell growth were adapted from ref. 49 . These cells grow in islands, making it difficult to obtain sparse cultures.
JAK inhibitor 1 (EMD Biosciences) and toxin B (Sigma) were added at the indicated concentrations. Cell viability was assessed by trypan blue exclusion and by replating cells in medium lacking the inhibitors. IL-6 was purchased from R&D Systems.
Conditioned medium was prepared by adding 3 mL of serum-free DMEM to a 10-cm plate of HC11 cells grown to 3 d post-confluence.
Cadherin Recombinant Fragments and Peptides
The plasmid constructs coding E/EC12 and the E/W2A mutant were purified as described (15) and attached to plastic Petri dishes as follows: Petri dishes were treated with poly-DL-lysine (Sigma; 0.1 mg/mL in H 2 O, for 1 h at room temperature), followed by glutaraldehyde treatment (Sigma; 2.5% in PBS, for 1 h at room temperature). The cadherin fragments were subsequently added at the indicated concentrations for 2 h, followed by glycine treatment (0.2 mol/L in PBS, overnight). Petri dishes were incubated with serum-free medium for 1 h, before the addition of cells in complete medium. Peptides were synthesized by CPC and used at the indicated concentrations.
Gene Expression
Rac1 N17 was expressed with a myc tag at the carboxyl end by plasmid transfection. Expression was verified by blotting against the myc tag using the 9E10 antibody (Sigma). Rac1 shRNA was purchased from Open Biosystems, in the retroviral vector pSM2c. Infected cells were selected for puromycin resistance. For gp130 knockdown, a mouse pSM2 retroviral target gene shRNA set was purchased from Open Biosystems. Infected cells were selected for puromycin resistance. For the complete shRNA sequences, see Supplementary Table S4 .
Lentivirus Vector Production
293T cells were plated at a density of 4 × 10 6 per 10-cm culture dish. The cells were cotransfected by calcium phosphate coprecipitation with 15 μg of pLKO1-Stat3 shRNA (Mission shRNA TRCN0000020842 and TRCN0000020840) or pLKO1-control shRNA (Sigma) and 10 μg of pPACK packaging plasmid mix (SBI). The culture medium was replaced with fresh medium after 6 h. The supernatant was collected 16 h after the transfection and stored at −80°C. To determine the vector titers, 10 5 HT1080 cells were seeded in a six-well plate and infected with various dilutions of the vector in the presence of 4 μg/mL polybrene. The culture medium was replaced 48 h later with fresh medium containing puromycin at a concentration of 1.5 μg/mL. Puromycin-resistant colonies were counted 10 d after transduction. To examine the efficiency of Stat3 downregulation, cells were infected at 5 plaque-forming units/cell, and extracts probed for total Stat3 (Cell Signaling).
Immunofluorescence and Apoptosis Assays
Immunofluorescence staining for E-cadherin was done using a monoclonal antibody (BD Transduction Laboratories), biotinylated antimouse IgG secondary, and Rhodamine-avidin D (Vector Laboratories). Fixed cells were assayed for apoptosis by TUNEL (Roche) and FACS analysis as described (8) . Images were captured using a 20× objective (numerical aperture, 0.45) on a Nikon TE200 epifluorescence microscope equipped with a cooled charge-coupled device camera (Cool Snap HQ, Roper Scientific) and Metamorph Software. Fluorescent images were also analyzed on a laser scanning confocal microscope (Leica SP2) with Tsunami 2 photon IR laser using a 100× oil immersion lens (numerical aperture, 1.4) and LCS software for initial acquisition, as well as Image Pro Plus 6.0 software for further analysis.
Immunohistochemical Staining for E-cadherin and Stat3-pTyr705
For immunohistochemical staining, consecutive tissue sections (6 μm) were cut from a formalin-fixed, paraffin-embedded tissue block of the #4 mammary fat-pad from a nulliparous strain 129 mouse bred (8-12 wk old) in the Queen's University Animal Care Facility. Sections were first deparaffinized in toluene for 4 min three times and then rehydrated in a graded series of 100%, 85%, and 70% ethanol before being submerged in a water bath (10°C) for 4 min. Antigen retrieval used a 1:10 dilution of 10 mmol/L sodium citrate buffer (pH 6.0) at 95°C for 30 min. Tissues were then cooled to room temperature before washing twice with TBS. Excess buffer was removed and 3% hydrogen peroxide was applied for 5 min. The tissue sections were then permeabilized in 25 μg/mL digitonin in TBS and blocked with 5% horse serum in TBS for 30 min. Excess blocking medium was removed and a PAP pen was used to concentrate antibodies over the tissue. Monoclonal anti-E-cadherin antibody (BD Transduction Laboratories), mouse IgG2α control (Invitrogen, Inc.), or rabbit anti-Stat3-pTyr705 antibody (Cell Signaling NEB) was applied at a predetermined dilution (200 μL) to each tissue section. For Stat3-pTyr705 staining, sections underwent an additional trypsinization step after antigen retrieval, in which sections were incubated in 0.01 N HCl and 0.4% trypsin for 20 min at 37°C, before application of rabbit antiStat3-pTyr705 antibody. Sections were incubated with antibodies overnight at 4°C in a humidified chamber. The next day, the biotinylated link (Dako North America, Inc.) was applied and incubated for 15 min. Streptavidin-peroxidase (Dako North America) was then applied to the specimens and incubated for 1-3) or null (lanes 4-6) cells were grown to different densities and apoptosis was examined by PARP cleavage analysis. Right, HC11 (lanes 2 and 3) or HC11-Stat3C cells were treated with the cadherin-inhibitory peptide SHAVSA (lanes 1 and 3) or not (lane 2) and apoptosis was examined by PARP cleavage analysis. Arrows, PARP (113 kDa) and cleaved PARP (89 kDa).
another 15 min, according to the manufacturer's instructions. Finally, 200 μL of diaminobenzidine with DAB Chromogen Substrate (Dako North America; 1 drop/mL) were added to each section and incubated for 10 min. Tissues were lightly counterstained with hematoxylin, dipped thrice in 1% HCl in 70% ethanol, and placed in a water bath. The sections were then dehydrated in a graded ethanol series (70%, 85%, and 100%) followed by three toluene baths and coverslipped using Permount. Representative images were acquired under brightfield illumination using a Leitz microscope.
Western Blotting and Immunoprecipitation
Detergent cell extracts were prepared as described (8) . Following a careful protein determination (BCA-1 Protein assay kit, Sigma), 30 or 100 μg of clarified cell extract were loaded, as indicated. Blots were cut into strips and probed with antibodies specific for the Tyr705 phosphorylated Stat3 or total Stat3 protein (Cell Signaling NEB), Rac1 or Cdc42 (BD Transduction Laboratories), the dually phosphorylated form of Erk1/2 (Biosource), survivin (Cell Signaling NEB), p21 (Biosource), PARP (Roche), E-cadherin (BD Transduction Laboratories), gp130 (Sigma), or Hsp90 (Stressgen), followed by alkaline phosphatase-or horseradish peroxidase-conjugated secondary antibodies (The Jackson Laboratory). Bands were visualized using enhanced chemiluminescence (Perkin-Elmer Life Sciences) or SuperSignal West Femto Maximum Sensitivity Substrate (Pierce). Quantitation was achieved by fluorimager analysis using the FluorChem program (AlphaInnotech Corp). In all cases, Stat3-pTyr705 band intensities were normalized to Hsp90 levels of the same samples. Jak1 phosphorylation was examined by immunoprecipitation against total Jak1, followed by blotting with a Jak-pTyr1022/1023 antibody (Cell Signaling NEB). Jak kinase assays were done as described (8) .
Rac1/Cdc42 activation assays were done using glutathione S-transferase-p21-activated kinase pull-down assays with the Rac1/Cdc42 activation assay kit (Cytoskeleton). Photoshop (Adobe) or Corel Draw software was used for the organization of nonadjusted original images and blots.
RT-PCR Assays
RT-PCR was done using Superscript III First-Strand Synthesis kit (Invitrogen) in an Eppendorf Personal Mastercycler. All quantitative RT-PCR reactions were done with 1× SYBR Green Master Mix (Bio-Rad) using the Corbett Rotor-Gene 6000. Serial 10-fold dilutions of 18S RNA were used as a reference for the standard curve calculation. The primer pair used for Rac1 amplification was 5′-GGACACAGCTGGACAAGAAGA (forward) and 5′-GGACAGAGAACCGCTCGGATA (reverse) to generate a 368-bp fragment. For Cdc42, the primer pair was 5′-CGACCGCTAAGTTATCCACAG (forward) and 5′-GCAGC-TAGGATAGCCTCATCA (reverse) to generate a 325-bp fragment. 18S RNA (153 bp) was used as a control (Sigma).
For quantitative RT-PCR, the Δct value was calculated from the given ct value by the formula Δct = (ct sample − ct control ). The fold change was calculated as the value of 1.94 −Δct , 1.94 being the average PCR efficiency. For the quantitative RT-PCR cytokine array, we used the PAMM-021A kit (SA Biosciences) with an RT-PCR for IL-6 run in parallel, according to the manufacturer's protocol.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.
